We report on the generation of indistinguishable photon pairs at telecom wavelengths based on a type-II parametric down conversion process in a periodically poled potassium titanyl phosphate (PPKTP) crystal. The phase matching, pump laser characteristics and coupling geometry are optimised to obtain spectrally uncorrelated photons with high coupling efficiencies. Four photons are generated by a counterpropagating pump in the same crystal and anlysed via two photon interference experiments between photons from each pair source as well as joint spectral and g (2) measurements. We obtain a spectral purity of 0.91 and coupling efficiencies around 90% for all four photons without any filtering. These pure indistinguishable photon sources at telecom wavelengths are perfectly adapted for quantum network demonstrations and other multi-photon protocols.
Introduction
Engineering multi-photon quantum states of light is becoming increasingly important as we move beyond point-to-point, or two-party systems, entangled systems and towards entanglement based protocols such as quantum teleportation, swapping and relays, useful for QKD [1] . Already entanglement swapping protocols rely on the interference between quantum states carried by independent photons [2, 3] . As we look towards more complex quantum networks [4] and simulation experiments [5] , efficient coupling and spectrally pure photon generation is of critical importance.
Currently, spontaneous parametric down conversion (SPDC) is the simplest and most versatile way to generate photon pairs and historically PPLN waveguides have been exploited in the telecom regime due to their high brightness [6] . However, most of the time the twin photons generated in this way have spectral correlations, which decrease the purity of their quantum state [7] . Spectral filtering is usually employed to erase these correlations, consequently introducing additional losses [8, 9, 10, 11] . Another solution is to adapt the pump laser spectrum and the dispersion properties of the nonlinear material. This approach has been implemented in various media such as bulk crystals [12, 13] , waveguides [14, 15] , or fibers [16] . Quantum communication requires narrowband sources and recent focus has shifted to using periodically poled potassium titanyl phosphate (PPKTP) nonlinear crystals with ps pulsed lasers [17, 18, 19, 20] to address these demands of quantum communication. We have combined this approach with some of our recent work on optimising source-to-fibre coupling [21] to realise multiphoton experiments with pure, indistinguishable narrowband telecom photons with high levels of purity and coupling efficiencies that are ideally suited to testing quantum network protocols.
After a presentation of the theoretical model employed to simulate the non-linear interaction in the crystal, we describe the experimental setup. In the third part, we present the characterization of the purity of the photons emitted by our source. In the last part, we report the brightness of the source.
Theoretical Model for Phase Matching and Photon Coupling
In the following we outline the theory used for modeling the phase matching as well as the focusing characteristics for the pump laser and photon pairs that are needed to optimise both the purity and the fibre coupling. SPDC processes are governed by energy and momentum conservation laws:
where ω and k represent the frequencies and the wavevectors of the pump (p), signal (s), and idler (i) photons, respectively. In a periodically poled crystal, a poling period Λ is inscribed in the crystal to compensate the dispersion and achieve quasi-phase matching [22] . The non-linear process that takes place in this kind of crystal is described by a Hamiltonian function of the creation and annihilation operators of the signal and idler fields, of the following form:
We define the joint spectral amplitude as
are the pump energy envelope and the phase matching function, respectively. These two functions depend on the energy conservation and the phase matching conditions. For a Sech 2 -shaped pump pulse, such as a pulse generated in a mode-locked laser, the first factor is given by:
with ∆ω p the full width at half maximum of the pump pulse in frequency. In the Gaussian approximation, this becomes:
with σ p = ∆ω p /2 √ 2ln2. The phase matching function for a crystal of a length L is given by:
withŝ j the unit vector of k j andẑ the direction of the poling [23] . Considering only the wave vector along theẑ axis and again the Gaussian approximation this function can be written as:
with α = 0.439 and ∆k 
. By using these approximations, the joint spectral amplitude can be rewritten as a Gaussian function [7, 24] :
with ∆ω j = ω j − ω j,0 . The purity of the two-photons state is defined as the inverse of the number of Schmidt modes K, more precisely
To generate pairs of photons in a separable state, i. e. K = 1, it must be:
To satisfy this equation, the condition k s < k p < k i must be fulfilled in the non-linear medium. Following equation (11), we find that a PPKTP crystal can satisfy these constraints. To satisfy the phase matching condition, a poling period of 47.8 µm inscribed in the crystal enables the type-II non-linear interaction between pump, signal and idler photons polarised along the X, Z, and X axes of the crystal, respectively. In this configuration, we obtain (
Thus, for a 3 cm long crystal a purity close to one should be achievable with a pump bandwidth of 467 rad −1 GHz, which corresponds to a pulse duration with FWHM = 2.6 ps, assuming a Gaussian approximation of the pump as in equation (2) . In this way we are able to generate degenerate photon pairs at 1544 nm with a pump laser at 772 nm.
If we consider these experimental characteristics, we can simulate the non-linear interaction defined in equation (2) without any approximations, i.e. taking into account the shape of the pump, equation (3), the crystal geometry and the wavevector orientations of equation (5). This simulation gives us access to all of the correlations for the signal and idler photon in wavelength, wavevector, as well as joint wavelength -wavevector basis [21] . The first is useful in order to estimate the purity in frequency, and the other two are used to determine the coupling efficiencies of the generated twin photons into single mode fibres. To obtain pure photons, we need to reduce the correlation between the signal and idler wavelengths. As mentioned above, the wavelength correlation depends on the type and length of the crystal, on the pulse duration of the pump laser, and also on the spatial profile of the three fields. To have an efficient coupling, one needs to reduce the wavelength -wavevector correlations for the signal and idler photons and increase the signal-idler wavevector correlation (see Ref. [21] for more detail). Thus, from this simulation we can study the influence of the spatial modes of the fields on the spectral purity and on the coupling efficiencies.
The wavevector correlations only depend on the wavevector of the pump, and to be maximised, the pump field should be close to a plane wave. Consequently, the focusing Figure 1 . Numerical simulation of the photon pair spectral purity (red curve) and signal spatial-spectral purity (blue curve) for a 3 cm long PPKTP bulk crystal pumped by a 772 nm pump laser with a bandwidth of 467 rad −1 GHz.
parameter denoted ξ, defined as the ratio between the half length of the crystal and the Rayleigh range of the beam z R (ξ = L/2z R ), needs to be close to zero. For this reason we choose a waist of 296 µm for the pump laser in the center of the crystal, which corresponds to a focal parameter of 0.0425. Figure 1 illustrates the dependence on purity and coupling. To define the optimal focal parameter for the photon pairs generated in the crystal, we studied, as shown in Figure 1 , the photon pair spectral purity and the photon's spatial-spectral purity, as a function of the photon collection waist. We chose a collection waist of 187 µm (ξ = 0.212), which is a good compromise between spectral purity and coupling efficiency. To obtain this waist, lenses with a 400 mm focal length need to be placed at the output of the crystal combined with 11 mm focal length lenses to then couple into the single mode fibres.
Experimental realisation
A schematic of the experimental setup is given in Figure 2 . The light from a TiSapphire picosecond mode-locked laser at 772 nm is injected into a 3 cm long PPKTP bulk crystal and we exploit a double-pass configuration. The source is built in a doublepass configuation via a set of two dichroic mirrors employed to inject the laser and separate it from the generated photons. This enables the production of two photon pairs emitted independently in opposite directions, with an adjustable delay. The photon pairs are deterministically separated and all four photons are then coupled into single mode telecom fibres. All four photons are generated around 1544 nm and we measure a fibre coupling efficiency of (90 ± 4)% for all four photons. 
Characterisation of the spectral purity
There are several different techniques for characterising the spectral purity of the photons. We test three of these, which are represented in the lower half of Figure 2 : the second order autocorrelation function (g (2) (τ )) for each photon, the joint spectral intensity for the pair of photons from each source, and finally the two-photon (HOM) interference between photons from independent sources.
The second order autocorrelation function (g (2) (τ )) in a Hanbury Brown and Twiss like experiment [25] , involves sending the signal photons to a balanced beam splitter and placing two single photon detectors based on InGaAs avalanche photodiodes (APD) at the output. A time-to-digital convertor (TDC) is used to record the coincidence histogram as a function of the time difference between clicks on the two detectors. This measurement allows one to estimate the photon number statistics. For a pure photon we expect a g (2) (0) close to 2, which corresponds to thermal statistics typical of a single mode, and when the number of modes increases g (2) (0) goes to 1 which is the signature of a Poissonian distribution, characteristic of a multimode emission from the nonlinear medium [26] . For a SPDC source we can define the g (2) (0) = 1 + P = 1 + 1 K
, where P and K represents the purity and the number of Schmidt modes, respectively [27, 28, 11] . The measurement of g (2) (0) as a function of the pump laser bandwidth is reported in Figure 3 . The maximum of purity is obtained for a pump laser with a FWHM equal to 0.33 nm as predicted by the numerical simulation. For the following measurements, we use this value. This results in an experimentally measured value of g (2) (0) = 1.91 ± 0.04, corresponding to a purity of P = 91% ± 4%. Another quantity that is useful in order to evaluate the purity of the two photon state is the joint spectral intensity (JSI). To measure it we use two tunable filters with a bandwidth of 0.2 nm, one for each photon of the independent pairs. Two InGaAs APDs are placed at the output of the filters and connected to a coincidence measurement apparatus. By recording the coincidence rate as a function of the position of the two filters, the JSI can be reconstructed. Figure 4 a) and b) represent the simulated and measured JSIs, respectively, and it shows the good agreement between the theoretical prediction and the experimental results. The simulation predicts a purity of 91.8%, and we obtain, by fitting the experimental data with a two dimensional gaussian function defined in equation (7), a purity of 91% ± 3%. N. b. that the sidepeaks typical of a squared sinc function are attenuated as an effect of the spatial filtering with single mode fibres, given that the collection waist is optimised to reduce wavelength-wavevector correlations and at the same time improve the spectral purity.
To validate this result and prove both the indistinguishability and purity of the four photons generated in our double pass source, we performed a series of two photon interference experiments. For each source, each direction of emission, one photon of the generated pair is directly sent to an InGaAs APD. Thus, when the two detectors fire they herald the creation of two photon pairs emitted in opposite directions. The other two photons are sent to a fibre 50/50 beamsplitter (BS). Another two APDs are placed at the output of the BS. The four detectors are linked to a time-to-digital convertor (TDC), which records time stamps for the four-fold coincidences as a function of the delay between the arrival times of the two photons that interfere at the BS. The delay is varied via a motorised linear translation stage attached to the mirror which reflects the pump laser before the second passage through the crystal (see Figure 2) . The results shown in Figure 5 a) and b) represent the Hong-Ou-Mandel (HOM) dips between the signal from one source and the signal and idler photons from the other source, respectively. In both configurations we obtain net visibilities of 91 ± 2%. The interference visibility is given by :
where ρ a and ρ b represent the density matrices of the two photons at the input of the beam splitter. Accordingly, the visibility measured for the signal-signal photons interference directly gives the spectral purity, while for the dip between a signal and an idler photon the visibility gives also information about the distinguishability. The obtained visibilities prove that less then 1.1 spectral modes are emitted by the crystal and that the four photons are perfectly spectrally indistinguishable, as predicted by the numerical simulation.
Source brightness
As well as the photon purity, one of the key features of this source is its brightness, since it provides rates that allow one to concretely implement quantum communication tasks. We define the brightness as the number of photon pairs available at the output of the source per mode and pump power. The brightness depends on the pair creation efficiency and on the transmission losses of the source. For a pulsed laser with pump power of 200 mW, the crystal generates 0.01 photons per pulse at a repetition rate of 80 MHz, which correspond to 4.0 pairs/µJ. At the fibred output of the source we obtain a brightness of 2.6 pairs/µJ, the losses per photon being of 0.96 dB, 0.50 dB due to the optical elements which build the source and 0.46 dB introduced by the coupling into single mode fibre. It can be noted that for all the presented results the laser pump power is set to 600 pJ per pulse to generate just 0.0025 photon pairs in order to avoid errors due to double pair contributions.
Conclusion
We have presented an experimental set-up for generating pure indistinguishable narrowband telecom photons in a double-pass configuration using a PPKTP crystal. By combining concepts for pure photon generation based on phase matching non-linear crystals and pump laser bandwidths along with the constraints of coupling photons into single mode fibres we obtain high coupling efficiencies and purities of around 90 % for all four photons. The type II phase matching condition allows us to deterministically separate all four photons providing us with a flexible multi-photon source of photons for diverse applications in quantum communication and networking.
